Background: Radiofrequency ablation (RFA) is the most widely used and studied method internationally for the local treatment of liver tumors. However, the extension of coagulation necrosis in one RFA procedure is limited and incomplete coverage of the damaged area can lead to a high local recurrence rate. Objective: In this study, we compared the effects of different solutions in enhancing hepatic radiofrequency by establishing a rabbit VX2 liver cancer model. We also determined the optimal solution to maximise effects on the extent of RFA-induced coagulation necrosis. Methods: Thirty VX2 tumor rabbits were randomly assigned to five groups: group A, RFA alone; group B, RFA with anhydrous ethanol injection; group C, RFA with 5% hypertonic saline injection; group D, RFA with lidocaine injection; and group E, RFA with a mixed solution. Routine ultrasound examinations and contrast-enhanced ultrasound (CEUS) of the ablation areas were performed after RFA. Then, we measured the major axis and transverse diameter and compared the areas of coagulation necrosis induced by RFA. Results: The mean ablation area range increased in groups B, C and especially E, and the scopes were greater compared with group A. Preoperative application of anhydrous ethanol, hypertonic saline, lidocaine and the mixed solution (groups B, C, D and E, respectively) resulted in larger coagulation necrosis areas than in group A (p<0.05). Among the groups, the coagulation necrosis areas in group E was largest, and the difference was statistically significant compared with other groups (p<0.05). Pathological findings were consistent with imaging results. Conclusions: A mixture of dehydrated alcohol, hypertonic saline and lidocaine injected with RFA increases the extent of coagulation necrosis in the liver with a single application, and the mixed solution is more effective than any other injection alone.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors, and is the third leading cause of cancer mortality worldwide (Kamangar et al., 2006; Lee and Liapi, 2009 ). At present, surgical resection is the most effective method in the treatment when the tumor is restricted to the liver (Achenback et al., 2002; LLovet and Bruix, 2003; Lau and Lai, 2008) . However, surgical resection is only possible in a small portion of early HCC patients. Those with advanced liver disease, extra-hepatic metastases, underlying severe liver cirrhosis, inadequate functional hepatic reserves or poor general condition are not eligible for surgery (Bolondi and Gramantieri, 2011; Guo et al., 2012) . The limitations of HCC surgical resection have prompted the development of a number of non-surgical therapies, including radiofrequency ablation (RFA), microwave ablation (MWA), percutaneous ethanol injection therapy (PEI), transcatheter arterial
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Yi-Xin Sun, Wen Cheng*, Xue Han, Zhao Liu, Qiu-Cheng Wang, Hua Shao RFA is the most widely used and most studied method internationally for local treatment (Vallone et al., 2006; Hansler et al., 2007; Peng et al., 2010) . RFA can control the entire ablation process via the temperature and impedance control, thereby ensuring the effectiveness and safety of the treatment. However, RFA has limitations: for example, the extension of coagulation necrosis in one RFA procedure is limited. The problem is often attributed to the limitations of tumor size, number, location and other factors. Incomplete formation of the damaged area can lead to a high local recurrence rate. Therefore, improving the range of RFA and reducing the recurrence rate are important problems that need to be solved.
The purpose of this study was to establish the rabbit VX2 liver cancer model and inject anhydrous ethanol, hypertonic saline, lidocaine or a mixed solution to expand the radiofrequency ablation damage zone. Then, we evaluated and compared their effects. We attempted to determine an effective radiofrequency ablation synergistic agent to reduce the incidence rate of single-needle ablation residual carcinomas.
Materials and Methods
The animals
The Animal Ethics Committee of Harbin Medical University, Heilongjiang, China approved this study. All animals were cared for in accordance with Chinese legislation guidelines and the international guidelines on the protection, care and handling of laboratory animals.
In total, 34 New Zealand White rabbits were obtained as recipient animals. Rabbits weighing 2500 -3000 g were purchased from the Laboratory Animal Centre of The Second Affiliated Hospital of Harbin Medical University. VX2 tumors were implanted and maintained in the thighs of rabbits. The tumors and rabbits were obtained from the laboratory of Shandong Medical University.
Establishment of the rabbit VX2 liver tumor model
VX2 tumors were aseptically resected from the hind limb and minced with surgical scissors and knives in normal saline. The recipient animals were anesthetised using a 3% pentobarbital sodium (1 ml/kg) intravenous ear injection. The abdomen was shaved and prepared with iodine. All inoculations were performed by open laparotomy. To implant the VX2 tumor fragments into the liver parenchyma, a sub-xiphoid laparotomy approximately 3 cm in length was performed to expose the liver lobe following anaesthesia with pentobarbital solution. We used ophthalmic forceps to drill a sinus approximately 5 mm deep in the liver parenchyma and then placed 2-3 pieces of tumor fragments into the sinus. The forceps were removed, and a gelatine sponge was used to seal the sinus to prevent bleeding. All puncture sites were gently compressed for 5 min to prevent leakage of cancer fragments and bleeding from the liver parenchyma. The abdominal incision was then closed in layers. Gentamicin was injected for three consecutive days after laparotomy to prevent infection.
Rabbit VX2 tumor group and treatment
Two weeks later, 32 rabbit VX2 liver tumor models were established, which were identified by ultrasound examination. Two models failed. Two rabbits were randomly selected and sacrificed. The tumor specimens were resected and fixed in 10% formalin liquid for pathological examination". The remaining 30 rabbit VX2 liver tumor models were randomly divided into five groups: group A, RFA; Group B, 1 ml anhydrous ethanol+RFA; group C, 1 ml hypertonic saline+RFA; Group D, 1 ml lidocaine+RFA; and Group E, 1 ml mixed solution (hypertonic saline, lidocaine and anhydrous ethanol)+RFA.
After successfully anesthetising the rabbits, we placed them on the operating table. We used an ultrasound probe to scan each rabbit's liver to determine the tumor position and the suitable needle path. Then, we fixed the probe and used an 18-gauge PTC needle to slowly inject the solution into each lesion. In total, 1 ml of each injection solution was injected up, down, left and right in a four-direction injection. The injection speed was slow (30 seconds).
The Cool-tip RF System (Valley lab, Boulder, CO) consisted of an RF generator (200 W peak power output, 480 kHz electric current), a peristaltic perfusion pump, inflow and outflow tubing, an electrode and a pair of grounding pads. During ablation, the monopole electrode, consisting of a hollow 17-gauge needle with a 1 cm exposed tip, was cooled via an internal circulation of sterile chilled water (4°C). The ablation power was between 15 and 50 W for 4 minutes.
Ultrasound examination and CEUS
On the 1st, 7th and 14th days after surgery, we used ultrasound to examine and observe the ablation of lesions in the rabbit liver. Moreover, we simultaneously performed contrast-enhanced ultrasound (CEUS) inspections on the 14th day. After successfully anesthetising the rabbits, we placed them on the operating table. A Siemens Sequoia512 colour Doppler ultrasonic diagnostic instrument was used to perform a conventional ultrasound scan of the rabbit liver and aided in our selection of the best scan position. Then, the instrument was converted to imaging mode, and contrast agent (SonoVue, Bracco) was injected at a concentration of 0.1 ml/kg body weight with 2 ml saline flushing. Continuous acquisitions within 3 min dynamic images were stored in the hard drive. The rabbit hepatic angiography phase was divided into the arterial and nonarterial phases .
Histopathological observation
After CEUS, the rabbits were sacrificed, and the tumor lobe was removed. We made a general observation DOI:http://dx.doi.org/10.7314/APJCP.2014.15.14.5799 
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regarding tumor morphology after RFA and measured the largest diameter and vertical diameter for comparisons with the imaging measurement results. The specimens were fixed with 10% formalin solution, and haematoxylin and eosin (H&E) staining was performed for pathological observation.
Statistical analysis
Statistical analyses were performed using the SPSS 18.0 statistical software. Differences were considered statistically significant when p<0.05.
Results
Animal survival and tumor growth
All of the rabbits underwent RFA therapy using the Cool-tip RF system. No major complications or adverse effects were observed in any of the groups. We did not observe abdominal bleeding, bile fistula or any serious complications, such as abdominal infection. All of the rabbit VX2 liver cancer models of RFA therapy survived for 2 weeks postoperatively and successfully completed CEUS examination before death.
Ultrasound and CEUS of VX2 tumors
zIn the successful intrahepatic-planted models, we observed low-or hypo-echoic nodules with no envelope and clear borders via ultrasound imaging, along with low-echo haloes surrounding some of the nodules. When necrosis occurred, we observed anechoic areas and scattered and strong echoes inside the nodules. Color Doppler flow imaging indicated the rabbit VX2 liver tumors contained a rich blood supply, which gave priority to peripheral blood. Visible circular or punctiform blood flow signals were evident around the tumors. However, several rabbit VX2 liver tumors were characterised as having little blood supply, and the CDFI blood flow signal was sparse or undetectable.
Experimental rabbits in RFA
During RFA, more obvious strong-echo bubbles were evident around the needles in groups B, C, D and E compared with group A. In the ablation alone group or groups in which the injected solution lacked lidocaine (groups A, B and C), the experimental rabbits displayed a different degree of agitation during the RFA needle electrode burning. The symptoms improved during the pulse interval period. Thus, we hypothesise that a burning pain caused the agitation. In groups D and E, the injected liquid contained lidocaine, so the experimental rabbits were quiet under anaesthesia with no obvious agitation.
Imaging examination after RFA
We did not observe significant differences between the first day and a week after surgery. Using conventional ultrasound, the ablation zone displayed high echo and formed a more irregular, ill-defined boundary between the surrounding normal liver tissue. No blood supply was observed with CDFI. We repeated the ultrasound 14 days later; the ablation area was slightly reduced in size, and the echoes were slightly lower and non-uniform.
Using CEUS, the ablation was not enhanced in central areas in group A after RFA treatment, but the range was smaller. In CEUS, the tissues surrounding the ablation area were characterised by increased echo in the hepatic arterial phase and rapid clearance. The tissues were characterised by low or no enhancement in the non-arterial phase. The tissues contained residual tumor cells upon pathological examination. Group B, C and E tumor ablation areas were not enhanced, and their scopes were greater compared with group A. Group E was the most obvious. However, the shapes of the ablation areas were irregular.
Comparison of the ablation areas two weeks after RFA
Two weeks after RFA, CEUS was performed on the experimental rabbits. We calculated and compared the largest areas of the ablation zones from groups A, B, C, D and E. In this study, we used a single-factor, completely randomised design analysis of variance to compare the lesion areas of the different groups. The results revealed that F=49.8 (p<0.01), indicating statistically significant differences between the groups. Injections of anhydrous ethanol, hypertonic saline, lidocaine or a mixed solution (B, C, D and E groups, respectively) produced a larger coagulation necrosis area compared with group A (p<0.05). Among these groups, the coagulation necrosis area of group E was the largest. Comparing two groups using the LSD-T test, p<0.05 indicates statistically significant differences.
Discussion
Design of the experimental method The VX2 tumor is a type of squamous cell malignant tumor caused by Shope papilloma viruses (Moore et al., 1959; Sonoda et al., 2011; Tu et al., 2009; Schulz et al., 2008) . Extensive research on the biological characteristics of VX2 has identified its characteristics, and its mode of invasion through lymph nodes and blood vessels is very similar to human squamous malignant tumors in head and neck or liver cancer (Ko et al., 2001) . The VX2 tumor is widely used in various animal viscera tumor models and can be vaccinated in rabbit livers, kidneys, muscles, bones and brains, thereby forming tumor animal models in situ (Kuszyk et al., 2000; Ramirez et al., 1995; Geschwind et al., 2000; Larson et al., 2006) . The rabbit VX2 liver tumor model is being increasingly used in experimental studies of liver cancer because the model is easy to establish via an open surgery method and the success rate is high (Hong et al., 2006) . Moreover, the models typically display good stability. Therefore, our study selected the rabbit VX2 liver tumor model given its maximal similarity to human liver, thereby ensuring that the results closely mirrored the clinical research.
In this experiment, each rabbit formed only one focal ablation in the liver. We chose a puncture position far away from the hepatic hilar region to avoid causing too much damage to the rabbit, thereby influencing the rabbit's survival and the experimental effect. When we injected the solution intrahepatically, we controlled the depth of the needle to ensure that the depth was the same every time and that the solution was homogeneous. We injected from four directions: up, down, left and right. The injection speed was slow and controlled and lasted for 30 seconds. The injection volume was 1 ml, which was calculated according to the melting range of the literature and our preliminary experimental results in vitro. The injection of too much liquid can cause excessive solution reflux because the rabbit liver is thin. Moreover, too much liquid easily spreads to normal liver tissues far from the target tissues (Goldberg et al., 2001; Gillams and Lees, 2005) .
When comparing the ablation area, we measured through the needle path across the biggest ablation area section. We measured the length diameter (a) and the vertical diameter (b); we then used the ellipse area formula (S=πab / 4) to calculate the cross-sectional area for each group to minimise the error.
Relationship between the injected solution and the RFA range. During RFA, the electrode temperature rises quickly, and the electrode tip can carbonise the surrounding tissue. Thus, the conduction of the electric current during RFA was limited in the organization, and hence the melting ranges were limited. When anhydrous ethanol is injected into the lesions, cell membrane DOI:http://dx.doi.org/10.7314/APJCP.2014.15.14 permeability increases with increasing temperatures. In addition, anhydrous ethanol infiltration within tumor cells can directly kill the tumor. At the same time, the existing experimental results indicated that the thermal loss effect caused by blood perfusion is the major factor that affects the melting range. Some scholars performed experiments demonstrating that decreased blood flow and perfusion could reduce heat loss, improving the scope of the radiofrequency ablation. Ethanol can aid in the identification of micro-vascular thrombosis within the tumor, which can effectively reduce heat loss caused within the tumor via blood perfusion (Zhang et al., 2008) . In addition, a study found that the RFA needle electrodeinduced carbonisation of surrounding tissues impedes the organization around the needle. This process prevents heat transmission to surrounding tissues and further distances, thus affecting the melting range. Therefore, we thought that when using PEI-RFA, the temperature would gradually rise along with the effect of RFA. The boiling point of ethanol is 78 ºC, and then ethanol is vaporised. The temperature of the tissues surrounding the needle was maintained at 78 ºC, and the temperature increased again until the ethanol completely vaporised. Thus, PEI -RFA delayed tissue carbonisation and improved the melting range (Kuang et al., 2009) .
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With RFA alone, the melting range is limited (Ji and Xu, 2011; Dai et al., 2012; Hofer et al., 2008 ). When we injected 5% hypertonic saline, lidocaine or a mixed solution, increased ion concentrations were noted in the ablation areas. At the same time, the cooling effects of the liquid itself reduced the local temperature and delayed organization heating. The use of a solution as a heat conduction medium could promote heat diffusion in the organization; thus, the ablation melting range increased significantly. This technique could reduce the impedance of the organization or could cause the impedance to slow down.
In this study, we used a single-factor, completely randomised design analysis of variance to compare the lesion areas of the different groups. The results indicated statistically significant differences between the groups. Injections of anhydrous ethanol, hypertonic saline, lidocaine and a mixed solution (B, C, D and E groups, respectively) produced larger coagulation necrosis areas compared with group A (p<0.05). These solutions imparted beneficial effects on RFA. Among the groups, the coagulation necrosis area of group E was the largest. This phenomenon indicates that the mixture of anhydrous ethanol and hypertonic saline solution has a synergistic effect on RFA. This finding may be attributed to the fact that the sodium chloride and lidocaine solution improved the conductivity of the organization and that anhydrous ethanol promotes micro-thrombosis. The three types of solutions promoted dispersion within the organization and thus reduced heat loss from the organization caused by blood perfusion.
At present, academics have used anhydrous ethanol in RFA therapy for liver cancer and have reported good curative effects. However, most patients may feel pain intra-operatively or postoperatively after anhydrous ethanol injection. In this study, the synergistic agent contains lidocaine, an anaesthesia drug that effectively relieves pain and increases ion concentrations around the needle electrode, thus improving the therapeutic effect.
Using the LSD-T test to compare groups, the differences in group E (mixture) and group B (anhydrous ethanol group) were not statistically significant (p>0.05). In addition, no statistically significant differences (p>0.05) between group B (anhydrous ethanol group) and group C (hypertonic saline group) were observed. This result may be attributed to the following aspects: (1) at the same temperature, the efficiencies of anhydrous ethanol and hypertonic saline are similar; (2) the mixed solution contains anaesthetic lidocaine and anhydrous ethanol, which may reduce the ionic conductivity compared with other groups; (3) this study used 6 experimental rabbits in each group, and the sample size was smaller. Errors might be present in the sample mean; thus, it cannot accurately reflect the overall situation.
Analysis of imaging findings. The pathological manifestations and transfer methods of rabbit VX2 liver tumors are similar to human liver cancer. VX2 tumors promote increased vascular hyperplasia from artery tumors given their secretion of vascular growth factors. Nourishing blood vessels formed on the base of the artery of tumor (Szala and Jarosz, 2011) . Changes in liver tumor haemodynamics led to changes in the ultrasonic imaging phase. Therefore, VX2 and human liver cancers display similar images of the perfusion process, consistent with the VX2 tumor ultrasound imaging in our experiment.
After RFA, the tumor displayed coagulation necrosis, and the CEUS images without enhancement indicated that the local necrotic area lacked a micro-vascular supply. We observed abnormal increases in the internal and surrounding areas in group A; according to CEUS, these areas were characterised as half-ring or nodular. These observations were consistent with the pathological findings. Thus, CEUS can accurately identify the necrosis area and residual tumors and has obvious advantages compared with ordinary ultrasound.
However, similarities and differences between the inflammatory reaction surrounding the ablation zone and residual tumors were evident in the CEUS enhancement patterns. Pei et al. (2006) suggested that the patterns corresponded with inflammatory hyperaemia. Upon pathological examination, the tissues surrounding the ablation zone displayed a 1-2 mm thin circle, which displayed high enhancement in the hepatic arterial phase and equal enhancement in the non-arterial phase. This pattern was different from the enhancement pattern of residual tumors. This observation may occur because SonoVue is a micron-grade contrast agent that cannot permeate the vascular endothelial cells in the blood vessels outside the gap. Inflammatory hyperaemia could be slightly increased compared with the normal tissues due to the expansion of the blood vessels, but this phenomenon would not disappear quickly.
In this experiment, the images of complete ablation areas with peripheral inflammatory cells or fibres in groups B, C and E did not display obvious differences compared with normal liver parenchyma after RFA. This finding is most likely due to differences in the timing of CEUS. In our experiment, CEUS imaging was performed 2 weeks after the surgery to compare the ablation ranges. The early inflammatory reaction hyperaemia area was fibrotic, and granulation tissue formation had occurred; thus, the inflammatory expansion of local blood vessels was not obvious. Therefore, these findings were consistent with the liver parenchyma imaging performance. In addition, the tumor ablation areas in groups A and D were relatively small; thus, residual tumor cells were present. The presence of residual tumors in the arterial and non-arterial phases was consistent with literature reports.
Several limitations inherent in the study should be noted. First, when the solutions were injected, we noted that the ablation area became irregular in terms of the range of enlargement. This observation may be associated with the uneven dispersion of the solution. Most of the injected fluid concentrated around the lesion centre or needles, and some areas far away from the central organization had less or no liquid distribution. Therefore, this experimental method needs to be further perfected and improved. Second, we only performed the experiments using a single concentration of the solution based on preliminary experimental results and literature reports. The experimental results with other concentrations are not yet clear. Additional experimental studies on the effects of different solution concentrations should be performed.
